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A B S T R A C T   
In everyday life, we constantly act and interact with objects and with others’ people through our body. To 
properly perform actions, the representations of the dimension of body-parts (metric body representation, BR) 
and of the space surrounding the body (peripersonal space, PPS) need to be constantly updated. Previous evi-
dence has shown that BR and PPS representation are highly flexible, being modulated by sensorimotor experi-
ences, such as the active use of tools to reach objects in the far space. In this study, we investigate whether the 
observation of another person using a tool to interact with objects located in the far space is sufficient to in-
fluence the plasticity of BR and PPS representation in a similar way to active tool-use. With this aim, two groups 
of young healthy participants were asked to perform 20 min trainings based on the active use of a tool to retrieve 
far cubes (active tool-use) and on the first-person observation of an experimenter doing the same tool-use 
training (observational tool-use). Behavioural tasks adapted from literature were used to evaluate the effects 
of the active and observational tool-use on BR (body-landmarks localization task-group 1), and PPS (audio-tactile 
interaction task – group 2). Results show that after active tool-use, participants perceived the length of their arm 
as longer than at baseline, while no significant differences appear after observation. Similarly, significant 
modifications in PPS representation, with comparable multisensory facilitation on tactile responses due to near 
and far sounds, were seen only after active tool-use, while this did not occur after observation. Together these 
results suggest that a mere observational training could not be sufficient to significantly modulate BR or PPS. The 
dissociation found in the active and observational tool-use points out differences between action execution and 
action observation, by suggesting a fundamental role of the motor planning, the motor intention, and the related 
sensorimotor feedback in driving BR and PPS plasticity.   
1. Introduction 
To efficiently interact with the environment, as to plan and execute 
properly the action of reaching for an object positioned in front of the 
body, the brain needs updated representations related to the shape and 
the dimension of the involved body parts (i.e. metric body representa-
tions, BR) (de Vignemont, 2010; Longo et al., 2010; Schwoebel and 
Coslett, 2005), and of the space closely surrounding the body in which 
the interactions with the environment take place (i.e peripersonal space, 
PPS) (Rizzolatti et al., 1997; Serino, 2019). During the last years, many 
studies have been dedicated to investigating these representations, that 
contribute, in different ways, to the conscious experience of the self as an 
acting body (Garbarini et al., 2015). 
As far as concerns BR, since no unique sensory signal directly con-
veys to the brain information about the size and the shape of the 
different body parts, authors have hypothesized that an implicit repre-
sentation of the body metric is stored in the brain (Longo and Haggard, 
2012, 2010; Tamè et al., 2019). This representation is constantly 
updated through on-line peripheral signals related to body parts, such as 
somatosensory, proprioceptive and kinaesthetic inputs coming from the 
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skin, the muscles and the joints, as well as through visual bodily infor-
mation, during the interactions with the environment (de Vignemont, 
2010; Longo et al., 2010; Medina and Coslett, 2011; Riva, 2018; Serino 
and Haggard, 2010). 
On the other hand, PPS representation has been originally studied in 
primates, where specific populations of multisensory neurons inte-
grating visual and/or auditory stimuli near the body with tactile infor-
mation on the body surface (Duhamel et al., 1997; Fogassi, 1996; 
Graziano et al., 1997; Graziano and Cooke, 2006) have been identified 
within a fronto-parietal network. Evidence for this has been corrobo-
rated by results also obtained in humans through neuropsychological (Di 
Pellegrino et al., 1997; Ladavas, 1998; Làdavas et al., 1998), neuro-
imaging (Grivaz et al., 2017; Makin et al., 2008) and behavioural 
(Bassolino et al., 2010; Canzoneri et al., 2012; Teneggi et al., 2013) 
studies. These works demonstrated a speed-up effect in responding to 
tactile stimuli when these were associated to visual or auditory stimuli 
presented close (i.e. within PPS), but not far from the body (Cléry and 
Ben Hamed, 2018; de Vignemont and Iannetti, 2015; di Pellegrino and 
Làdavas, 2015). This form of multisensory facilitation within PPS allows 
the brain to detect and anticipate potential interactions between the 
body and external objects and to trigger appropriate motor responses 
both in terms of defensive behavior (e.g. prevents a potential threat) or 
approaching (reaching/grasping) actions (Bufacchi and Iannetti, 2018; 
Serino, 2019). 
Taking together, previous studies indicate that both BR and PPS have 
a multisensory nature, being built and constantly updated thanks to the 
integration of signals from different sensory modalities (Dijkerman and 
Lenggenhager, 2018; Kandula et al., 2017; Maravita et al., 2003; Salo-
mon et al., 2017). This implies that BR and PPS are not fixed, but could 
be plastically modified through actions, and specifically through 
changes in the in- and out-flows of sensorimotor information arising 
from the interactions with the environment (e.g. reaching for an object). 
From this perspective, the nature of those representations is not only 
multisensory but also sensorimotor in the sense that the action execution 
can modulate both PPS and BR (Gallese and Sinigaglia, 2010). 
A classic example of the plasticity of BR and PPS after action 
execution is the use of the tools allowing to reach objects located in the 
far space (Canzoneri et al., 2013a,b; Cardinali et al., 2009; Maravita and 
Iriki, 2004; Martel et al., 2016). Using a tool to reach far objects allows 
to act outside PPS making outside-reach objects ready-to-hand (Iriki 
et al., 1996), and modifies the functional dimension of the effector 
holding the tool (e.g. the arm) (Martel et al., 2016). More specifically, it 
has been shown that tool-use re-shapes BR, by extending the estimated 
length of the body part (arm/hand) using the tool or by altering the 
subsequent hand free movement kinematic profile (Canzoneri et al., 
2013a,b; Cardinali et al., 2009; Garbarini et al., 2015; Romano et al., 
2019; Sposito et al., 2012). Analogously, previous research has shown 
that, after tool-use, PPS representation is modified. In primates, PPS 
neurons normally coding tactile stimuli on the hand and associated 
external visual or auditory stimuli presented close to the hand started 
also to respond to associated visual/auditory stimuli located in the more 
distant space of the tool’s reach (Iriki et al., 1996; Maravita and Iriki, 
2004; Radman, 2013). Similarly, studies with both healthy participants 
and patients have found that after tool-use, it is possible to extend the 
representation of the PPS, by increasing the multisensory interaction 
between tactile stimuli on the body and visual or auditory cues pre-
sented in the far space, in particular at the functional location where the 
tool was used (Farnè and Làdavas, 2000; Galli et al., 2015; Holmes and 
Spence, 2004; Maravita et al., 2001). This effect was reported after a 
short experience with a tool (around 15 min) as well as after persistent 
use of specific tools in different populations, such as blind people using 
the cane (Serino et al., 2007), computer mouse users (Bassolino et al., 
2010) or professional tennis players (Biggio et al., 2017). In line with 
this, it has been argued that the space is accurately represented in 
relation to action capabilities by allowing the brain to determine 
whether a certain spatial sector is accessible and to select the most 
appropriate motor actions in the accessible space (Bufacchi and Iannetti, 
2018; Serino, 2019). 
The evidence of BR and PPS modifications after tool-use would drive 
the question if the mere observation of someone else acting with a tool in 
far space may impact on bodily and spatial representations as execution. 
Previous works in monkeys and humans suggest that visual perception 
of an action performed by others is mapped onto the motor represen-
tation of the same action in the observer, by activating a shared repre-
sentation between the observer and the agent (e.g. Buccino, 2014; 
Rizzolatti et al., 2001). The cortical activation induced by action 
observation in the observer partially overlaps with that activated by 
movement execution (Filimon et al., 2007; Jeannerod, 2001; Rizzolatti 
and Craighero, 2004) and maintains some specific proprieties of the 
observed action, such as the temporal structure and the muscular or-
ganization (e.g. Borroni et al., 2005; Finisguerra et al., 2015). Impor-
tantly, action observation may also induce plastic effects. For instance, 
trainings based on action observation can significantly change the 
preferential direction of thumb motion evoked by transcranial magnetic 
stimulation (Stefan et al., 2005), prevent cortical modifications 
observed after immobilization in healthy participants (Bassolino et al., 
2014a) and seem to have positive effects in motor rehabilitation (e.g. 
Bassolino et al., 2015; Buccino, 2014). Considering this evidence, it is 
possible to hypothesize that observing an action performed by another 
person would be sufficient to drive plastic effects on PPS and BR similar 
to action execution. Coherently, the only study on space representation 
after observational tool-use so far (Costantini et al., 2011), reported an 
extension of the explicit perceived reaching space of the observer in a 
visual distance judgment task, in which participants had to judge the 
distance of a graspable object with respect to their body. Importantly, 
these authors found that observing tool actions can extend the repre-
sentation of reaching space only when observers shared the same action 
potentialities with the agent, namely holding a tool compatible with the 
goal and the spatial range of the observed action. However, Garbarini 
et al. (2015) did not find any modification in the perceived length of the 
arm (BR) evaluated with a “forearm bisection task” (Sposito et al., 2012) 
after observational tool-use. These contrasting results would lead to the 
hypothesis of a possible dissociation in the effects of tool-use observa-
tion on body and space representations. Nevertheless, the different re-
sults previously reported on reaching space and BR modifications after 
observational tool-use could be related to participants’ age. Indeed the 
study by Costantini and colleagues was performed in young adults, 
while the one by Garbarini and collaborators was done in healthy elderly 
controls, who could potentially show reduced plasticity after tool-use 
because of age (Costello et al., 2015). 
To solve this issue, the present study aims to investigate the effects of 
active and observational tool-use on BR and PPS representations in 
young healthy adults. Although previous studies have demonstrated 
similar effects of the extension of both BR and PPS representations after 
active tool-use (Canzoneri et al., 2013a,b), one can hypothesize disso-
ciable effects after observational tool-use. Indeed, if BR modifications 
could be mainly mediated by multisensory and sensorimotor informa-
tion related to one’s own body (Bassolino et al., 2014b), the mere visual 
observation of another person using the tool could be not enough to 
induce alterations of BR in the observer. In contrast, if plastic changes in 
PPS are mostly dependent on the motor representation of the space in 
which the body potentially acts, the activation of a shared motor rep-
resentation between the person using the tool and an observer holding 
the same tool (Costantini et al., 2011) through action observation 
(Rizzolatti and Craighero, 2004b) could be sufficient to affect PPS. 
However, alternative hypotheses could be considered; first, given that 
PPS is strictly anchored to one’s own body and related somatosensory 
information (Serino, 2019), the mere observation of someone else acting 
in the same space could be not sufficient to modify the representation of 
the observer’s PPS, as in the case of BR. Second, we can anticipate that 
the mere visual observation of another person using the tool could be 
enough to drive a plastic change of both PPS and BR, suggesting that the 
M. Galigani et al.                                                                                                                                                                                                                               
Neuropsychologia 148 (2020) 107622
3
lack of modification of the BR after observational tool-use found by 
Garbarini et al. (2015) was mainly due to the age of their sample. 
2. Materials and methods 
2.1. Participants 
Two groups of twenty-one healthy, right-handed participants were 
included in the study. According to a prior power analysis (GPower 
version 3.1) conducted on previous data from Canzoneri (Canzoneri 
et al., 2013a,b), a sample of 14 subjects would be sufficient to detect 
possible forearm BR modifications due to active tool-use in healthy 
young participants (Cohen’s dz = 0.843, with significance level = 0.05 
and power = 0.8). Concerning PPS, the prior power analysis (GPower 
version 3.1) conducted on unpublished data (Ronga et al., under review) 
indicates that a sample of 20 subjects would be sufficient to detect 
possible modifications in PPS representation (i.e. in the difference be-
tween RTs to audio-tactile stimuli in near and far condition, see below) 
due to active tool-use in healthy young participants (Cohen’s dz =
0.672, with significance level = 0.05 and power = 0.8).We decided to 
recruit more (i.e. n = 21) participants than these estimations to prevent 
any reduction in statistical power due to potential technical problems 
during data acquisition (e.g. missing data) or a posteriori data exclusion 
(outliers). This sample size is also in line with previous studies on 
observational tool-use (Costantini et al., 2011; Garbarini et al., 2015). 
Participants in group 1 (age: 24.50 ± 3.02, range: 19–31, gender: 
57% of female) underwent a task previously reported to assess the im-
plicit perceived length of their arm, the body-landmarks localization 
task (BL) (e.g. Bassolino et al., 2014b; Longo, 2017), while subjects in 
group 2 (age: 23.71 ± 1.49, range: 20–26 gender: 67% of female) per-
formed a task previously described to capture multisensory character-
istics of PPS representation around their right hand. i.e. audio-tactile 
interaction task (e.g. Bassolino et al., 2010; Ronga et al., under review.; 
Serino et al., 2007). The subjects’ handedness was evaluated with the 
Flinders Handedness survey (FLANDERS) (Nicholls et al., 2013). The 
following exclusion criteria were considered: the presence of neuro-
logical or psychiatric diseases or any other deficits impairing their ca-
pacities to perform the tasks (e.g. visual deficits, acoustic deficits, the 
presence of chronic pain in the upper limbs, sensorimotor deficits or 
recent fractures <1 year). All the participants were naive to the exper-
imental procedures and the purpose of the study and participated after 
having signed the informed consent. The study was conducted with the 
approval of the local ethics committee (group 1: Commission Cantonale 
Valaisanne d’Ethique Medicale, CCVEM 107/14, group 2: Ethics Com-
mittee of the University of Torino, prot. n. 125055, 12/07/16). 
2.2. Procedure 
2.2.1. Active tool-use training 
During the training session, participants were comfortably seated on 
a chair in the experiment room and they were asked to place their left 
hand on their left leg and the right one in a prone position on a table by 
holding a standardized tool (aluminium rake, length: 100 cm, width: 8 
mm diameter, with at the end a 15 × 10 cm plastic plate with two 
rectangular 6 × 10 cm sides at 90◦, total weight of the tool: around 1 kg) 
in the starting position (i.e. on the right side) (see Fig. 1A). They had to 
then perform a tool-use training session, inspired by similar works 
(Canzoneri et al., 2013a,b; Costantini et al., 2011; Garbarini et al., 2015; 
Sposito et al., 2012). The training consisted in using the tool to retrieve 
30 wooden coloured (red or blue) cubes (5.5 cm3) that had to be placed 
into the coherent coloured squares (blue or red depending on the colour 
of the cube). The use of the tool produced auditory effects due to the tool 
sliding on the table and dragging the target wooden cubes. This choice 
was motivated by the fact that the post-training task used to assess the 
PPS representation involved auditory stimuli. During the training, par-
ticipants were not blindfolded and could freely decide which objects to 
reach. They were asked to retrieve an object every time they heard a 
“bip” sound coming from an audio track, made to emit a “bip” every 5 s. 
This procedure was chosen to standardize the duration of the training 
among participants. Before the training, participants were familiarized 
with the tool to ensure that they could perform the task easily (few 
minutes). Overall, participants retrieved all the objects in 150 s and had 
a 60 s break while the experimenter recomposed the initial objects’ 
composition on the table. During the break, participants were asked to 
hold the rake in their hand in the starting position. The task was per-
formed in 6 blocks lasting 20 min in total. 
2.2.2. Observational tool-use training 
The observational procedure was the same as for the active condi-
tion, but in this case, the experimenter actively retrieved the objects at 
each “bip” by using the tool, while the participant observed the exper-
imenter’s actions while holding an identical tool with his/her right hand 
in the starting position (i.e. on the right side). Participants also perceived 
the auditory effects of the observed action due to the tool sliding on the 
table and dragging the wooden cubes. As for the active tool-use training, 
this was designed because the task used to assess the PPS representation 
involved auditory stimuli. The experimenter stood behind and slightly to 
the side of the participant during this condition, with the back anteriorly 
flexed at around 45◦, so that the participant could see the arm and the 
trunk of the experimenter in first-person perspective (Garbarini et al., 
2015; Costantini et al., 2011) (see Fig. 1B). We opted to place the 
experimenter in this position in order to design an observational tool-use 
training by keeping the visual aspects more similar as possible to the 
active training (i.e., exploiting a first-person perspective) and by 
manipulating only the agent of the tool-use. To maintain participants’ 
attention during the training, the subjects were specifically asked to 
carefully observe the action performed by the examiner and orient their 
gaze to the left or to the right, according to the location of the target, as 
already described elsewhere (Garbarini et al., 2015). Experimenters 
checked that participants complied with these instructions by visual 
Fig. 1. Experimental task: (A) Active tool-use 
training: schematic aerial view of the experimental 
setting depicting the participant holding the tool in 
the starting position (grey circle); (B) Observational 
tool-use training: schematic aerial view of the exper-
imental setting depicting the participant holding the 
tool in the starting position and the experimenter 
actively using the tool. The experiment was standing 
behind and slightly to the side of the participant with 
the back anteriorly flexed at around 45◦, so that the 
participant could see the arm and the trunk of the 
experimenter in first-person perspective.   
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inspection. 
2.2.3. Group 1: body-landmarks localization task (BL) 
In group 1, the implicit perceived dimension of the upper limb (arm 
length) was measured before (pre) and after (post) the training (active 
and observational) with the body-landmarks localization task (BL), 
already described in previous works (Bassolino et al., 2014a,b; Canzo-
neri et al., 2013a,b). The order of the sessions was balanced between 
participants, with half of the participants doing the observational 
training as first, and the other half beginning with active tool-use 
training. 
The BL task (see Fig. 2) can be considered an implicit measure of BR 
because participants had to indicate only the locations of some 
anatomical landmark, without explicit judgements about the perceived 
length of the body parts (Fuentes et al., 2013). To evaluate the perceived 
arm length, we considered two anatomical landmarks: the external part 
of the wrist (ulnar styloid) and the elbow joint (olecranon). The 
perceived arm length was then reconstructed a posteriori during the 
data analysis and compared with the individual real arm length captured 
at the beginning of the experiment, while participants were blindfolded. 
During the task, participants were seated on a chair with the right 
forearm resting palm-down on a table in front of them. The forearm and 
hand positions were standardized. Participants’ right forearm was 
aligned with the shoulder, positioned 20 cm away from the body midline 
without any contact between the elbow and the edge of the table and it 
was fixed to the table. In addition, the hand was resting on a not-working 
computer mouse. The left forearm was relaxed on the left leg. 
After having acquired the actual position of the 2 landmarks, the 
experimenter positioned a wooden table (80 cm × 80 cm) above their 
arm and put an additional cloth to occlude the shoulders, in order to 
prevent participants from viewing their own arm during the task. Af-
terwards, subjects removed the eyeshades, and, in every trial, the 
experimenter showed to the participant the location of the target land-
mark on her body. Participants were instructed to verbally indicate, by 
saying “stop”, when a retro-reflective marker (see below) attached to a 
wooden stick and moved by the experimenter along the table’s longi-
tudinal axis, reached the felt position of the target non-visible anatom-
ical landmarks (wrist or elbow depending on the trial). Before recording 
the marker position, subjects were allowed to adjust their judgement, by 
verbally asking the experimenter to move the stick backward or forward, 
to the left or to the right. Ten randomized trials were repeated for each 
landmark. This exact procedure was reproduced after the training 
(post), taking care of placing the participants’ upper limb in the same 
position of the pre-training session. 
Retro-reflective markers (1 cm of diameter) captured by means of an 
optical motion capture system (Optitrack V120: TRIO; Motive 1.7.5 
Final 64-bit, 2015) and a custom-made script written in Matlab 
(R2018a) were used for the recording. The positions of the markers on 
the limb and of the limb on the table were also marked to be used for the 
post training session. 
Fig. 2. (A) The anatomical landmarks recorded during the body landmark (BL) task: the external part of the wrist (ulnar styloid, cross) and the elbow joint 
(olecranon, circle). (B) The reconstruction of the anatomical landmarks, recorded at the beginning of the experiment (black) as well as the reconstruction of the 
perceived position recorded for each landmark on every single trial (ten repetitions for each landmark, light grey) and averaged among repetitions (dark grey) in one 
representative subject (the horizontal displacement is depicted on the x, mm, while the vertical ones on the y, mm). The data of the subject displayed in the figure are 
representative of the group and show overall general biases similar to those previously reported in literature, with an horizontal shift towards the body midline (see 
for instance Fuchs et al., 2016; Ghilardi et al., 1995; Wann and Ibrahim, 1992) and an underestimation of the location of the wrist and the elbow (e.g. Canzoneri 
et al., 2013a,b). 
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2.2.4. Group 2: audio-tactile interaction task 
In group 2, to investigate plastic modulations of PPS induced by tool- 
use, we adopted a procedure similar to those used in previous studies (e. 
g., Bassolino et al., 2010; Dell’Anna et al., 2020;; Sambo and Forster, 
2009; Serino et al., 2007) to exploit multisensory integration phenom-
enon occurring when bimodal stimuli appear simultaneously within 
PPS, and in particular when static auditory stimuli near the hand speed 
up reaction Times (RTs) to tactile stimuli on the hand. Participants un-
derwent the audio-tactile interaction task (Fig. 3) after three different 
trainings (active, observational, and cognitive, see Fig. 4), performed in 
three experimental sessions separate by an interval of one week. We 
opted to include a third session (cognitive training) as control condition 
rather than a pre vs post training paradigm, to avoid possible unspecific 
learning effects due to perform the same task multiple times in different 
sessions and twice in a day (Ronga et al., under review). Indeed, in a pilot 
study we observed that when participants performed the task after the 
tool-use training, they had ceiling RTs likely due to a learning effect 
because of the repetition of the task, with a relevant speeding up of RTs 
in response to unimodal tactile stimulation. This would reduce the effect 
of sound in speeding up the RTs to tactile stimuli and thus decrease any 
difference between near and far bimodal conditions. Based on those 
data, in group 2, we adopted an only-post design to compare the effect of 
the three different trainings on the audio-tactile interaction task (Fig. 4). 
The baseline is represented by the unimodal tactile condition, that is 
expected to be comparable among the three experimental sessions, thus 
ensuring that any differences in the audio-tactile interaction task is due 
to the different trainings (i.e. active, observational, and cognitive). In 
the cognitive training participants underwent a task in the far space 
without performing any motor action. They performed a visual task, in 
which they were asked to judge whether two sequentially presented (50 
ms of duration; 1 s of interstimulus interval) configurations were iden-
tical or different. Visual stimuli consisted of four configurations of three 
dots, forming triangles pointing upwards, downwards, rightwards or 
leftwards, and were presented on a computer screen placed at a 100 cm 
of distance from the hand (a distance corresponding to the length of 
tool-use). In this way, the cognitive training allows also to control for 
possible unspecific attentional shifts, merely driven by operating in a 
more distant portion of space (Holmes, 2012). 
In the audio-tactile interaction task, participants were seated on a 
chair with their right hand placed on the table while holding the tool, 
and tactile and auditory stimuli were administered by an Arduino sys-
tem (https://www.arduino.cc) – E-Prime system. 
Tactile stimuli consisted of non-painful transcutaneous electrical, 
constant current square-wave pulses (duration: 200 μs, delivered by 
DS7A, Digitimer) applied to the right-hand dorsum, using surface bi-
polar electrodes (1 cm between electrodes). The stimulus intensity, 
adjusted according to participants’ sensitivity, corresponded to the in-
dividual threshold * 2. The individual sensory threshold was estimated 
before each experimental session, using the methods of limits 
(Gescheider, 1997). The mean stimulus intensity was 3.14 ± 0.97 mA 
(Active session: 3.55 ± 1.24 mA; Observational Session: 3.1 ± 0.88; 
Cognitive session: 3.18 ± 0.71 mA). To prevent habituation, three 
electrodes were placed at a constant distance between each other (i.e. 
about 1 cm) and connected to the electrical stimulator, so that the one 
with the negative polarity was kept always active, whereas the other two 
electrodes with positive polarity were activated on at a time. In this way, 
participants might perceive the stimulation coming from two distinct 
sites of the hand dorsum as if the stimulation was randomly shifted by 
displacing the electrodes’ position of about 1 cm. 
Auditory stimuli consisted of 784 Hz tones (intensity ≅ 65 dB; 50 ms 
duration) delivered by two different loudspeakers: the first loudspeaker 
was placed near (<5 cm) to participants’ right (stimulated) hand 
(henceforth near position), the second loudspeaker was positioned 100 
cm (i.e. a distance corresponding to length of tool-use) from subjects’ 
right hand (henceforth far position). 
To explore multisensory integration effects within PPS, tactile and 
auditory stimulations could occur either in isolation (i.e. unimodal con-
ditions: Touch, henceforth T; Auditory stimulus, catch trials, coming 
from near position, henceforth ANear; Auditory stimulus coming from 
far position, henceforth AFar) or combined (i.e, bimodal conditions: 
Touch + Auditory stimulus coming from near position, henceforth 
TANear; Touch + Auditory stimulus coming from far position, hence-
forth TAFar). Between each stimulation, the inter-trial interval was 
randomly jittered between 7 and 9 s, in a way that participants could not 
anticipate stimulus occurrence. 
Participants were asked to respond as fast as possible to tactile 
stimuli, ignoring auditory ones, by pressing a button on the response box 
with their right index finger. The audio-tactile interaction task consisted 
of a 16 min experimental block and 24 trials per condition were deliv-
ered. Stimulus delivering and RTs were controlled and recorded by 
Eprime V2.0 software (Psychology Software Tools Inc., Pittsburgh, PA, 
USA). 
During the piloting phase we ensured that subjects perceived syn-
chronously the tactile and the auditory stimuli and we calculated that 
Fig. 3. Audio-tactile interaction task, setup: tactile stimulation was administered alone (T condition) or simultaneously with an auditory stimulation coming from 
near position (TANear condition) or coming from far position (TAFar condition). During the stimulation, participants always hold the tool. 
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our Arduino-E-Prime system administered the two stimuli with a 
maximum delay of 40 ms, with the auditory stimulus occurring later. 
Please see Fig. 4, for a schematic representation of the experimental 
procedures used in group 1 and 2. 
2.2.5. Data analysis 
Body-landmarks localization task. For each participant, the mean 
estimated location of the elbow and wrist among trials was computed 
and the distance between the two landmarks was considered as an in-
direct measure of the perceived arm length. We then calculated an index 
of the bias in the perceived dimension with respect to the actual one 
(estimated dimension, e.g. Peviani and Bottini, 2018), as the ratio be-
tween the perceived and the real length of the arm. In this way, we 
obtained an index of estimated arm length with respect to the real length 
of the arm, with values > 1 indicating an overestimation of the 
perceived arm length with regard to the real one and values < 1 refer-
ring to an underestimation (see Fig. 5). One subject was excluded from 
the final analysis because his index of estimated arm length at baseline 
(active_pre and observational_pre) was greater than 2 standard de-
viations from the group mean. In addition, another subject was excluded 
because of a technical error during the acquisition of the real position of 
the landmarks. To compare the estimated arm length of the remaining 19 
participants before and after the active and observational tool-use, we 
ran a 2x2 RM- ANOVA (Statistica Software 7.0 – StatSoft Inc.) with the 
within-in subject factors “Session” (pre or post) and “Training” (active or 
observational). Planned comparisons, Bonferroni corrected (with sig-
nificance level set at 0.05/4 comparisons) were used to explore signifi-
cant interactions. Moreover, one sample t-tests against the value of 1, 
where 1 indicates the equivalence between the perceived and the real 
dimension, have been performed on each condition: active_pre, 
Fig. 4. Schematic representation of the experimental procedures applied in group 1 and group 2. (A) Participants in group 1 performed the body-landmarks 
localization task before (PRE) and after (POST) a training based on the active tool-use or observational tool-use. (B) Participants in group 2 underwent the 
audio-tactile interaction task (POST) after three different trainings (active tool-use, observational tool-use and cognitive session). In both groups, the order of the 
trainings has been counterbalanced among participants. 
Fig. 5. The figure shows the results of the body- 
landmarks localization task (BL), expressed as the 
ratio between the perceived and the real arm length 
(mean ± SD). Values below 1 (dashed line) indicate 
an underestimation of the perceived dimension with 
respect to the real one, while values above 1 indicate 
an overestimation. After (post) active tool-use (dark 
red) the arm length was perceived significantly longer 
than before (pre), while no significant changes 
emerged after observational tool-use (green). The 
perceived arm length was statistically smaller than 1 
(i.e. underestimation) at the baselines and after 
observational tool-use, but not after the active 
training. Error bars represents SD; asterisks indicate 
significant differences (p<0.0125, significance level 
set at 0.05/4 comparisons, Bonferroni corrected).   
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active_post, observational_pre, observational_post (significance level set 
at 0.05/4 comparisons, Bonferroni corrected). 
Audio-tactile interaction task. First, the accuracy of each participant 
was calculated to ensure that they detected correctly at least the 97% of 
the trials (bimodal and unimodal) (e.g. Bassolino et al., 2010; Serino 
et al., 2015, 2007). Second, outliers were discarded if participants’ RTs 
exceeded two standard deviations from the average of RTs collected 
within all the repetitions of any specific distance (Ronga et al., 2018; 
Sarasso et al., 2019). This procedure was applied for both bimodal and 
unimodal trials. The average number of discarded responses among all 
the types of stimulation in all conditions (active, cognitive and obser-
vational) was around 5%. Then, subjects’ RTs in response to T, TANear 
and TAFar conditions were averaged. 
To investigate the multisensory integration effect (i.e. significant 
differences between unimodal and bimodal stimulation) and to explore 
the presence/absence of a space-dependent effect (i.e. significant dif-
ferences between near and far positions), we ran a 3x3 RM- ANOVA 
(Statistica Software 7.0 – StatSoft Inc.) with RTs as dependent variable, 
and “Condition” (three levels: T, TANear and TAFar) and “Training” 
(three levels: cognitive, active, observational) as within-subject factors. 
Planned comparisons were performed to investigate a possible signifi-
cant interaction effect (significance was set at =0.05/18 comparisons, 
Bonferroni corrected). 
3. Results 
3.1. Differential effects on active and observational tool-use on BR and 
PPS representation 
Body-landmarks localization task. Results to the body-landmarks 
localization task are represented in Fig. 5. 
The repeated measures ANOVA performed on the estimated arm 
length, with “Training” (active or observational) and “Session” (pre and 
post training session) as within subjects factors, revealed a significant 
interaction between “Training and Session” (F(1,18) =7.11; p =0.016; 
ηp2 =0.283) (main significant effects: training [F(1,18) =8.27; p =0.010; 
ηp2 =0.314], session [F(1,18) =15.4; p <0.001; ηp2 =0.462]). Planned 
comparisons, Bonferroni corrected (with significance level set at 0.05/ 
4=0.0125) revealed that the arm length before (pre) the active tool-use 
training and after (post) were significantly different (active_pre vs 
active_post: p= 0.001; mean±SD: active_pre: 0.89 ± 0.12 mm; active_post: 
1.03 ± 0.18 mm), with the arm length perceived significant longer after 
active tool-use than at baseline. In contrast, the perceived arm length 
before and after (post) the observational tool-use training was not 
significantly different (observational_pre vs observational_post: p= 0.91; 
mean±SD: observational_pre: 0.86 ± 0.16 mm; observational_post: 0.86 ±
0.21 mm). This finding indicates that the observational tool-use training 
does not induce a significant change in the perception of the arm length. 
Accordingly, further planned comparisons show that even if the 
perceived arm length at the baselines was not significantly different 
(active_pre vs observational_pre: p= 0.35), the perceived arm length after 
the active training was significantly larger than after the observational 
tool-use (active_post vs observational_post: p= 0.003, see Fig. 5). 
We noted also that the perceived arm length was statistically 
different from 1-value (where 1 indicates the equivalence between the 
perceived and the real length of the arm, see Fig. 5) at baseline 
(active_pre, p value<0.0125, significance level set at 0.05/4 compari-
sons, Bonferroni corrected), while this was not the case after the active 
tool-use (p=0.47). This indicates that the significant underestimation 
observed at the baseline was no more significant after active tool-use. 
This effect was not found after observational tool-use, where the 
perceived arm length remained statistically different from 1-value both 
before and after the training (both p values<0.0125). 
Audio-tactile interaction task with corrected RTs. 
Results to the audio-tactile interaction task are represented in Fig. 6. 
The repeated measures ANOVA on RTs revealed a main effect of 
"Condition" (F=(40,2)=26.609; p<0.001; ηp2=0.571), with overall faster 
RTs in TANear (mean±SD: 353.63 ± 113.12 ms) and TAFar (mean±SD: 
367.96 ± 113.00 ms) as compared to T (mean±SD: 390.63 ± 104.91 ms) 
(TANear vs T: p<0.001; TAFar vs T: p=0.001). Crucially, RTs in TANear 
were faster than those in than TAFar (TANear vs TAFar: p<0.001). The 
main effect of Training was not significant (F=(40,2)=0.648; p=0.529; 
ηp2=0.031). Crucially, we found a significant interaction between 
“Condition and Training”, (F=(80,2)=3.192; p=0.017; ηp2=0.138). 
Planned comparisons corrected with Bonferroni (p<0.003, significance 
level set at 0.05/18 comparisons) showed that after the cognitive 
training RTs were faster in TANear (mean±SD: 350.29 ± 126.90 ms) as 
compared to TAFar (mean±SD: 373.31 ± 134.96 ms) and T (mean±SD: 
401.08 ± 128.91 ms), whereas RTs in TAFar and T did not significantly 
differ (TANear vs T: p<0.001; TANear vs TAFar: p<0.001; TAFar vs T: 
p=0.011). After the active training we found significantly differences 
comparing bimodal conditions with unimodal tactile condition, with 
smaller RTs in TANear (mean±SD: 367.31 ± 123.48 ms) and TAFar 
(mean±SD: 370.09 ± 118.64 ms) than in T (mean±SD: 392.05 ±
114.52 ms), while RTs in TANear and TAFar were not significantly 
different (TANear vs T: p<0.001; TAFar vs T: p<0.001; TANear vs 
TAFar: p=0.347). Moreover, after the observational training, RTs were 
faster in TANear (mean±SD: 343.55 ± 107.64 ms) as compared to TAFar 
(mean±SD: 359.69 ± 107.75 ms) and T (mean±SD: 378.73 ± 97.40 ms), 
whereas RTs in TAFar and T did not significantly differ (TANear vs T: 
p<0.001; TANear vs TAFar: p<0.001; TAFar vs T: p=0.019). Finally, as 
expected, no significant differences emerged on RTs in T (unimodal 
tactile condition) among the different trainings (i.e. active, observa-
tional, and cognitive) (all p values>0.272). 
Overall, these results suggest that, after all the three trainings, a 
greater RT facilitation occurred when the tactile stimulation was 
coupled with a sound originating from near position, in line with the 
spatial congruency law and according to multisensory facilitation within 
PPS (e.g. Serino, 2019). Importantly, we found this RT facilitation also 
when the sound originated from the far position only after the active 
training, pointing out that the active tool-use, but not the observational 
tool-use and the cognitive training, induced a PPS remapping, elimi-
nating the space-dependent effect of multisensory integration. 
4. Discussion 
The present study aimed at investigating whether the mere obser-
vation of someone else acting with a tool in far space impacts on bodily 
and spatial representations as execution. To answer this question, BR 
and PPS were assessed with a body-landmarks localization task and an 
audio-tactile interaction task. Our results show that, as expected, active 
tool-use induced a modulation of BR and PPS, respectively highlighted 
by an increased perceived length of the arm, and comparable multi-
sensory facilitation on tactile responses due to near and far sounds after 
active training. On the contrary, such modulations were not found after 
observational tool-use, pointing out that a mere observational training is 
not sufficient to affect BR and PPS. 
Body-landmarks localization task. The findings from the BL task, 
aiming at capturing the implicit metric representations of the upper 
limb, suggest that participants underestimated the arm length (i.e. 
perceived length smaller than real length) at baseline (before the 
training) similarly in both conditions in agreement with earlier studies 
(e.g. Longo, 2017). 
As expected, after the active condition, a significantly longer 
perception of the arm length after the training compared to the baseline 
was found. This is in line with an extension of the arm length after tool- 
use demonstrated in previous studies using the same task as in the 
present work (Canzoneri et al., 2013a,b), an arm bisection task (Gar-
barini et al., 2015; Sposito et al., 2012), or by analysing free hand 
movements kinematics (Cardinali et al., 2009). In the present work, the 
increased perceived length of the used arm in the active condition could 
be also interpreted as a bias reduction (see Fig. 5), considering the fact 
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that the post session was not statistically different from the 1 ratio 
representing the correct estimation of the perceived arm length. 
Importantly, the bias reduction in the arm length perception after active 
tool-use (Bassolino et al., 2014a,b; Canzoneri et al., 2013a,b; Cardinali 
et al., 2009; Sposito et al., 2012), could be interpreted as driven by the 
flow of sensorimotor information, as well the motor planning and 
intention, related to the active movement performed during the training, 
which contribute to update the representation and to correct the un-
derestimation found at the baseline. 
In contrast, after the observational condition, the arm length was not 
statistically different from the baseline: both pre and post assessment 
demonstrated an underestimation of the arm length (values significantly 
different from 1). This result is also line with a previous study demon-
strating no change in BR after observational tool-use in older adults 
(Garbarini et al., 2015). Considering together the two studies, it is 
possible to suggest that observing an actor using a tool while holding the 
same tool could be sufficient to modify BR neither in young nor in 
elderly participants. It has been demonstrated that action observation 
could activate motor areas (Jeannerod, 2001), but here these results 
suggest that a central brain activation of motor region through obser-
vation is not enough to shape BR. If BR modifications could be mainly 
mediated by multisensory and sensorimotor information related to one’s 
own body, it is possible that the mere visual observation of someone else 
using the tool could not be sufficient to induce alterations of one’s own 
BR (Bassolino et al., 2014b), because of a lack of updated afferent in-
formation from ones’ own body. In line with this assumption, a previous 
study on a patient with proprioception impairment demonstrated that 
only visual information of the movement in absence of the perception of 
one’s own arm in motion is not sufficient to induce an incorporation of 
the tool, pointing out the role of afferent information in shaping BR 
(Cardinali et al., 2016). However, recently Bruno and colleagues (Bruno 
et al., 2019) showed that the mere sensorimotor feedback of the arm 
movement action is not sufficient either to induce plastic changes of BR. 
Indeed, authors found no plastic changes in BR when participants per-
formed a passive tool-use. In that study, the active session consisted of 
the execution of “enfold-and-push” movements with a tool in order to 
place cubes in a target area; instead, in the passive session, participants 
were asked to be completely relaxed, and the movements towards the 
target area were performed with robotic assistance. Results displayed a 
significant increase of the perceived arm length only after active 
training, suggesting that the passive execution of tool action is not 
enough to shape the BR. Together, these two studies in line with the 
present results seem to suggest that sensorimotor feedbacks are neces-
sary to induce plasticity of BR (Cardinali et al., 2016), although not 
sufficient (Bruno et al., 2019). This may indicate that the congruency 
between sensorimotor feedback, and motor planning and intention are 
crucial to induce a plastic modulation of BR. 
Audio-tactile interaction task. The audio-tactile interaction task aimed 
at investigating the effect of active and observational tool-use on the PPS 
plasticity exploiting the multisensory integration phenomenon, i.e. 
speeding up in RTs to tactile stimuli due to simultaneous auditory 
stimuli appearing near the hand, within PPS (e.g. Bassolino et al., 2010; 
Sambo and Forster, 2009; Serino et al., 2007). As expected, after the 
active tool-use condition, we found comparable RTs in near and in far 
position (see Fig. 6), pointing out that following tool-use the auditory 
stimulus delivered in the far space induced similar multisensory facili-
tation as in the near space. The present results are fully in agreement 
with previous studies (Bassolino et al., 2010; Biggio et al., 2017; Iriki 
et al., 1996; Neppi-Mòdona et al., 2007; Ronga et al., under review; 
Serino et al., 2007), showing that tool-use results in a modification of 
PPS by extending the typical multisensory integration of the space sur-
rounding the body to the farther spatial sector where the tool is used. In 
contrast, after cognitive training (i.e. a visual discrimination task per-
formed at a distance from participants’ chest corresponding to the 
length of tool radius action), we found a greater multisensory facilitation 
effect in the near space as compared to the far space (see Fig. 6), revealed 
by significantly faster RTs when the auditory stimulus occurred close to 
the stimulated hand as compared to when it occurred in far positions. 
This finding excludes that an attentional shift towards the far space is the 
only determinant of PPS remapping after tool-use (Holmes, 2012). 
Similarly to cognitive training, also following observational tool-use we 
found a differential behavioural performance between bimodal near and 
bimodal far conditions (see Fig. 6). These results suggest that the 
observation of another individual performing a tool-use does not modify 
the PPS representation. However, some effects of tool-use observation 
on space representation were found in previous works. In particular, 
Costantini et al. (2011) showed that observing an alien arm performing 
actions extends the reaching space of the observers if they hold a similar 
tool in the hand. It could be then possible that during the observation of 
goal-oriented actions in the extrapersonal space, a mirror mechanism is 
activated (Rizzolatti et al., 2001) that is robust enough to remap a spatial 
representation of the observer in an explicit reachability task such as 
that employed in the Costantini’s et al. (2011) study, but not sufficient to 
significantly modify the implicit multisensory representation of the 
observers’ PPS as evaluated with the present paradigm. Accordingly, in 
the Costantini and colleagues’ work, the mirrored movement experi-
enced during the training (i.e. grasping with a rake) reflects the same 
movement involved during the reachability judgment task (i.e. 
grasping); thus, it is reasonable to hypothesize that the effect may be due 
to the fact that the “grasping network” is recruited both in the training 
and in the task phase. Furthermore, we can also speculate that, in Cos-
tantini and colleagues’ work, the visuo-motor similarity between 
observational tool-use training, based on visual perception, and the 
post-training task, again based on vision, may have induced a direct 
transfer from tool-use training to the post-training task. On the contrary, 
in our present work we exploited a post-training task based on 
audio-tactile interaction, where vision was not involved, thus possibly 
leading to the lack of significant effects after observational tool-use. 
However, the observational tool-use training in the present experi-
ment was not simply based on visual perception, but also on the auditory 
effects of the action (i.e. the noise of the tool sliding on the table and the 
noise of the contact between the tool and the target wooden cubes), thus 
Fig. 6. (A) Mean of reaction times (RTs) in the three conditions: after cognitive training (on the left), after active-tool use training (on the middle); after obser-
vational tool-use training (on the right). Only after active tool-use training, the two bimodal conditions (TA, tactile + auditory stimuli) did not significantly differ, 
suggesting that the PPS remapping occurs only when the subject actively use the tool. Error bars represents SEM; asterisks indicate significant differences (p<0.003, 
significance level set at 0.05/18 comparisons, Bonferroni corrected). 
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making unlikely an explanation of our results based on the absence of 
the visual component during the PPS task. In this regard, it is interesting 
to note that the effectiveness of active tool-use in modulating PPS has 
been previously tested with multimodal tasks always involving the same 
sensory modalities, which were pivotal in the realization of the tool-use 
training (i.e., a visuo-tactile tool-use training matched with a 
visuo-tactile multimodal task in (Forsberg et al., 2019); and an 
audio-tactile tool-use training matched with an audio-tactile multi-
modal task in (e.g. Canzoneri et al., 2013a,b)). Interestingly, in the 
present study, the audio-tactile interaction task was preceded by a 
visuo-auditory-tactile tool-use training, thus providing evidence that 
tool-use dependent plasticity arises even when the post-training 
assessment task does not include all the sensory modalities involved in 
the training. 
A third explanation refers to the kind of the spatial representation 
assessed; Costantini and colleagues tested the reaching-related spatial 
representation, whereas our task specifically focused on PPS represen-
tation as the preferential space for multisensory integration, thus 
directly contributing to the emergence and maintenance of a coherent 
multimodal bodily self-representation (i.e., self-consciousness purpose – 
for a recent review see e.g. (Noel et al., 2018). Hence, we can suppose a 
dissociation between a reaching-related spatial representation, assessed 
by Costantini and co-authors’ task, and a multisensory PPS representa-
tion, assessed by the task in the present study, assuming a different effect 
of observation of another agent performing the tool-use in modifying 
such representations. The lack of remapping of multisensory PPS after 
observational tool-use may indicate that PPS plasticity could rely on the 
feedback related to the effects of the action in the far space, coupled with 
the sensory feedback arising from one’s own hand during this move-
ment. In line with this, Serino and colleagues (Serino et al., 2015) pro-
posed that the plasticity of multisensory PPS is triggered by the 
association between synchronous tactile stimulation at the hand holding 
the tool, and multisensory -auditory or visual stimulation - from the far 
space, where the tool is operated. 
Similar dissociable effects of active and observational tool-use in BR and 
PPS representation. 
To sum up, the present findings suggest different effects both on the 
BR and PPS representation during the active and observational tool-use. 
In line with previous studies (Bassolino et al., 2014a,b; Berti and Fras-
sinetti, 2000; Biggio et al., 2017; Canzoneri et al., 2013a,b; Cardinali 
et al., 2009; Sposito et al., 2012), after active tool-use, BR and PPS were 
modified. In particular, after active tool-use participants reported a 
longer perceived length of the arm than at baseline (group 1) and 
equally facilitated RTs to tactile stimuli when combined with near and 
far sounds (group 2). Crucially, no significant plastic effects in BR or PPS 
occur after a training of the same duration based on observational 
tool-use. More precisely, after observational tool-use, no significant 
modification of the perceived length of the arm occurred (group 1), and 
higher facilitation in RTs to tactile stimuli associated with near sounds as 
compared to far sounds occurred as in the control condition (cognitive) 
(group 2). The absence of effects on BR and PPS in the observational 
condition suggests that, at least in our sample, active tool-use is neces-
sary to induce plastic changes of these representations, whereas tool-use 
observation is not sufficient. In line with this assumption, previous 
studies demonstrated that sensorimotor feedback is necessary, but not 
sufficient, to drive BR plasticity (Bassolino et al., 2010; Bruno et al., 
2019; Cardinali et al., 2016). This evidence seems to highlight a 
fundamental role of motor intention and planning in reshaping own BR 
and PPS, as pointed out by previous studies that pinpointed the role of 
motor intention and motor planning in inducing tool-use related effects 
(Osiurak and Badets, 2014; Patané et al., 2019; Witt et al., 2005). This is 
also supported by evidence provided by Garbarini and coauthors (2015). 
They showed that brain-damaged hemiplegic patients, manifesting a 
pathological embodiment of someone else’s arm, exhibited an increase 
of the perceived length of their forearm after a training phase in which 
an experimenter was aligned to them and performed movements with a 
tool in the far space. The crucial aspect of this study is that these pa-
tients, while observing the experimenter’s arm performing the 
tool-action, were firmly convinced to perform it with their own (para-
lyzed) arm. It has been proposed that the pathological embodiment of 
the experimenter’s arm movement automatically triggers intentional 
motor processes of the own arm that, in turn, induces a forearm length 
remapping comparable to that found in healthy subjects actually per-
forming the tool-use training. Thus, these findings point out that having 
real motor intentions to move the tool, even in absence of actual 
movement execution, induces a modulation of BR. Coherently, BR and 
the reaching space (evaluated with a reaching distance estimation task) 
have been shown to be affected by the sense of agency (D’Angelo et al., 
2018); in this study, BR and the reaching space were assessed after a 
training phase, in which participants virtually grasped objects by con-
trolling the virtual hand in a 3D environment. In the training phase, the 
sense of agency was modulated introducing a synchronous condition, 
wherein participants were shown virtual hands movements responding 
in real-time to their own movements, and an asynchronous condition, 
wherein a 3-s delay was interposed between the participant’s actual 
hand and the virtual hand movements. Crucially, only when subjects 
sensed agency for the virtual hand, induced by the synchronicity be-
tween motor and visual feedbacks, BR and the reaching space enlarged. 
Therefore, the modulation of BR seems strictly dependent to the sense of 
congruency between the intention to perform an action and the resulting 
sensorimotor feedback. Overall, this would suggest that motor planning 
and intention related to performing tool-actions and consequent senso-
rimotor feedback may play a crucial role in driving BR, and probably 
also PPS plasticity. Alternatively, two further explanations could ac-
count for the lack of BR and PPS modifications after observational 
tool-use. First, in the observational training the experimenter stood 
beside the participants, by keeping the arm in a posture anatomically 
compatible with that assumed by the participants during the action 
execution. This could evoke a “feeling of embodiment” towards the 
experimenter’s arm in the participants. However, this feeling would be 
inconsistent with the observation of their own non-moving arm, thus 
creating a sort of conflict that, in turn, might have reduced the effects of 
the tool-use training. Second, previous studies showed that in order to 
evoke plastic changes in motor cortex activity and motor learning, ac-
tion observation (as well as motor imagery) should be coupled with 
peripheral stimulations (Bisio et al., 2019, 2017b; 2017a, 2015a; 2015b; 
Bonassi et al., 2017), which were not present in our observational 
tool-use training. While the absence of a peripheral stimulation coupled 
with action observation could represent an explanation of our present 
results on BR and PPS, however, it is worth noting that other researches 
pointed out effects on motor processes after action observation and 
motor imagery also in absence of afferent feedbacks (Bruno et al., 2020; 
Garbarini et al., 2014; Piedimonte et al., 2014). 
In view of the foregoing, further studies would be addressed to 
investigate whether the mere motor intention and planning are suffi-
cient to induce plastic changes of BR and PPS, or whether the congru-
ency between the intention to perform an action and the resulting 
sensorimotor feedback are necessary to cause these modulations. Motor 
imagery could help to disentangle between the role of motor intention 
and sensorimotor consequences, allowing to isolate the contribution of 
motor planning. Motor imagery can be considered as a promising tool, 
also in light of previous results showing that kinematics of free-hand 
movements was affected after tool-use imagery, in a similar way to 
that previously documented after active tool-use (Baccarini et al., 2014). 
Then, if motor intention and motor planning are sufficient to induce a 
tool-related BR and PPS broadening, we should expect a modulation of 
these representations following tool-use imagery. Alternatively, if PPS, 
and also BR plasticity is triggered by the congruency between the 
intention to perform an action and the resulting actual sensorimotor 
feedback, we should expect any change on these representations after 
motor imagery-based tool-use, as found here after observational 
tool-use. 
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5. Conclusion 
In conclusion, the present findings seem to provide evidence that the 
observation of another person using a tool to interact with objects 
located in the far space is not sufficient to influence the plasticity of PPS 
and BR. Thus, the dissociation found in the active and observational 
tool-use highlights differences between action execution and action 
observation, pointing out a crucial role of motor intention and planning 
and the related sensorimotor feedback in driving BR and PPS plasticity. 
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Bassolino, M., Serino, A., Ubaldi, S., Làdavas, E., 2010. Everyday use of the computer 
mouse extends peripersonal space representation. Neuropsychologia 48, 803–811. 
https://doi.org/10.1016/j.neuropsychologia.2009.11.009. 
Berti, A., Frassinetti, F., 2000. When far becomes Near : remapping of space. J. Cognit. 
Neurosci. 12, 415–420. 
Biggio, M., Bisio, A., Avanzino, L., Ruggeri, P., Bove, M., 2017. This racket is not mine: 
the influence of the tool-use on peripersonal space. Neuropsychologia 103, 54–58. 
https://doi.org/10.1016/j.neuropsychologia.2017.07.018. 
Bisio, A., Avanzino, L., Biggio, M., Ruggeri, P., Bove, M., 2017a. Motor training and the 
combination of action observation and peripheral nerve stimulation reciprocally 
interfere with the plastic changes induced in primary motor cortex excitability. 
Neuroscience 348, 33–40. https://doi.org/10.1016/j.neuroscience.2017.02.018. 
Bisio, A., Avanzino, L., Gueugneau, N., Pozzo, T., Ruggeri, P., Bove, M., 2015a. 
Observing and perceiving: a combined approach to induce plasticity in human motor 
cortex. Clin. Neurophysiol. 126, 1212–1220. https://doi.org/10.1016/j. 
clinph.2014.08.024. 
Bisio, A., Avanzino, L., Lagravinese, G., Biggio, M., Ruggeri, P., Bove, M., 2015b. 
Spontaneous movement tempo can be influenced by combining action observation 
and somatosensory stimulation. Front. Behav. Neurosci. 9, 1–7. https://doi.org/ 
10.3389/fnbeh.2015.00228. 
Bisio, A., Biggio, M., Avanzino, L., Ruggeri, P., Bove, M., 2019. Kinaesthetic illusion 
shapes the cortical plasticity evoked by action observation. J. Physiol. 597, 
3233–3245. https://doi.org/10.1113/JP277799. 
Bisio, A., Garbarini, F., Biggio, M., Fossataro, C., Ruggeri, P., Bove, M., 2017b. Dynamic 
shaping of the defensive peripersonal space through predictive motor mechanisms: 
when the “near” becomes “far. J. Neurosci. 37, 2415–2424. https://doi.org/ 
10.1523/JNEUROSCI.0371-16.2016. 
Bonassi, G., Biggio, M., Bisio, A., Ruggeri, P., Bove, M., Avanzino, L., 2017. Provision of 
somatosensory inputs during motor imagery enhances learning-induced plasticity in 
human motor cortex. Sci. Rep. 7, 1–10. https://doi.org/10.1038/s41598-017-09597- 
0. 
Borroni, P., Montagna, M., Cerri, G., Baldissera, F., 2005. Cyclic time course of motor 
excitability modulation during the observation of a cyclic hand movement. Brain 
Res. 1065, 115–124. https://doi.org/10.1016/j.brainres.2005.10.034. 
Bruno, V., Carpinella, I., Rabuffetti, M., De Giuli, L., Sinigaglia, C., Garbarini, F., 
Ferrarin, M., 2019. How tool-use shapes body metric representation: evidence from 
motor training with and without robotic assistance. Front. Hum. Neurosci. 13, 1–9. 
https://doi.org/10.3389/fnhum.2019.00299. 
Bruno, V., Ronga, I., Fossataro, C., Galigani, M., Sacco, K., Garbarini, F., 2020. Long-term 
limb immobilization modulates inhibition-related electrophysiological brain 
activity. Neuroimage. https://doi.org/10.1016/j.neuroimage.2020.116911, 116911.  
Buccino, G., 2014. Action observation treatment: a novel tool in neurorehabilitation. 
Phil. Trans. R. Soc. B. 5 369 (1644), 20130185. https://doi: 10.1098/rstb.2013. 
0185. 
Bufacchi, R.J., Iannetti, G.D., 2018. An action field theory of peripersonal space. Trends 
Cognit. Sci. 22, 1076–1090. https://doi.org/10.1016/j.tics.2018.09.004. 
Canzoneri, E., Magosso, E., Serino, A., 2012. Dynamic sounds capture the boundaries of 
peripersonal space representation in humans. PloS One 7, 3–10. https://doi.org/ 
10.1371/journal.pone.0044306. 
Canzoneri, E., Marzolla, M., Amoresano, A., Verni, G., Serino, A., 2013a. Amputation and 
prosthesis implantation shape body and peripersonal space representations. Sci. Rep. 
3, 1–8. https://doi.org/10.1038/srep02844. 
Canzoneri, E., Ubaldi, S., Rastelli, V., Finisguerra, A., Bassolino, M., Serino, A., 2013b. 
Tool-use reshapes the boundaries of body and peripersonal space representations. 
Exp. Brain Res. 228, 25–42. https://doi.org/10.1007/s00221-013-3532-2. 
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Patané, I., Cardinali, L., Salemme, R., Pavani, F., 2019. Action planning modulates 
peripersonal space. J. Cognit. Neurosci. 31 https://doi.org/https://doi.org/ 
10.1162/jocn_a_01349.  
Peviani, V., Bottini, G., 2018. The distorted hand metric representation serves both 
perception and action. J. Cognit. Psychol. 30, 880–893. https://doi.org/10.1080/ 
20445911.2018.1538154. 
Piedimonte, A., Garbarini, F., Rabuffetti, M., Pia, L., Berti, A., 2014. Executed and 
imagined bimanual movements: a study across different ages. Dev. Psychol. 50, 
1073–1080. https://doi.org/10.1037/a0034482. 
Radman, Z., 2013. What the Manual Tells the Mental. The Hand, an Organ of the Mind. 
MIT Press. 
Riva, G., 2018. The neuroscience of body memory: from the self through the space to the 
others. Cortex 104, 241–260. https://doi.org/10.1016/j.cortex.2017.07.013. 
Rizzolatti, G., Craighero, L., 2004. The mirror-neuron system. Annu. Rev. Neurosci. 27, 
169–192. https://doi.org/10.1146/annurev.neuro.27.070203.144230. 
Rizzolatti, G., Fadiga, L., Fogassi, L., Gallese, V., 1997. The space around us. Science 84 
277, 190–191. https://doi.org/10.1126/science.277.5323.190. 
Rizzolatti, G., Fogassi, L., Gallese, V., 2001. Neurophysiological mechanisms and 
imitation of action, 2, 1–10. 
Romano, D., Uberti, E., Caggiano, P., Cocchini, G., Maravita, A., 2019. Different tool 
training induces specific effects on body metric representation. Exp. Brain Res. 237, 
493–501. https://doi.org/10.1007/s00221-018-5405-1. 
Ronga, I., Sarasso, P., Fossataro, C., Salatino, A., Garbarini, F., Ricci, R., Neppi- 
Modona, M., 2018. Everything is illuminated: prismatic adaptation lowers visual 
detection threshold in normal subjects. J. Exp. Psychol. Hum. Percept. Perform. 44, 
1619–1628. https://doi.org/10.1037/xhp0000559. 
Salomon, R., Noel, J.P., Łukowska, M., Faivre, N., Metzinger, T., Serino, A., Blanke, O., 
2017. Unconscious integration of multisensory bodily inputs in the peripersonal 
space shapes bodily self-consciousness. Cognition 166, 174–183. https://doi.org/ 
10.1016/j.cognition.2017.05.028. 
Sambo, C.F., Forster, B., 2009. An ERP investigation on visuotactile interactions in 
peripersonal and extrapersonal space: evidence for the spatial rule. J. Cognit. 
Neurosci. 21, 1550–1559. https://doi.org/10.1162/jocn.2009.21109. 
Sarasso, P., Ninghetto, M., Salatino, A., Ronga, I., Bongiardina, A., Iarrobino, I., Neppi- 
Modona, M., Ricci, R., 2019. Everything is (still) illuminated: dual right cathodal-left 
anodal tDCS of PPC prevents fatigue on a visual detection task. Brain Stimul 12, 
187–189. https://doi.org/10.1016/j.brs.2018.09.017. 
Schwoebel, J., Coslett, H.B., 2005. Evidence for multiple, distinct representations of the 
human body. J. Cognit. Neurosci. 17, 543–553. https://doi.org/10.1162/ 
0898929053467587. 
Serino, A., 2019. Peripersonal space (PPS) as a multisensory interface between the 
individual and the environment, defining the space of the self. Neurosci. Biobehav. 
Rev. 99, 138–159. https://doi.org/10.1016/j.neubiorev.2019.01.016. 
Serino, A., Bassolino, M., Farnè, A., Làdavas, E., 2007. Extended multisensory space in 
blind cane users. Psychol. Sci. 18, 642–648. https://doi.org/10.1111/j.1467- 
9280.2007.01952.x. 
Serino, A., Canzoneri, E., Marzolla, M., di Pellegrino, G., Magosso, E., 2015. Extending 
peripersonal space representation without tool-use: evidence from a combined 
behavioral-computational approach. Front. Behav. Neurosci. 9, 1–14. https://doi. 
org/10.3389/fnbeh.2015.00004. 
Serino, A., Haggard, P., 2010. Touch and the body. Neurosci. Biobehav. Rev. 34, 
224–236. https://doi.org/10.1016/j.neubiorev.2009.04.004. 
Sposito, A., Bolognini, N., Vallar, G., Maravita, A., 2012. Extension of perceived arm 
length following tool-use: clues to plasticity of body metrics. Neuropsychologia 50, 
2187–2194. https://doi.org/10.1016/j.neuropsychologia.2012.05.022. 
Stefan, K., Cohen, L.G., Duque, J., Mazzocchio, R., Celnik, P., Sawaki, L., Ungerleider, L., 
Classen, J., 2005. Formation of a motor memory by action observation. J. Neurosci. 
25, 9339–9346. https://doi.org/10.1523/JNEUROSCI.2282-05.2005. 
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